A native-like smooth muscle filamentous myosin system was characterized from an enzyme kinetic point of view. The system contains endogenous myosin light chain kinase (MLCKase) and calmodulin (CM) (A. Sobieszek, J. Muscle Res. Cell Motil. 11 (1990) 114^124) and is, therefore, well suited for testing the action of CM-antagonists or other inhibitory compounds. However, this has not been done due to its complexity. The characterization of the system includes: (1) derivation of a relationship for rate of myosin phosphorylation in terms of total CM, free Ca 2 and total MLCKase concentrations, which includes only three binding constants; and (2) derivation of relationships between fractional inhibition rate (v i /v o ) and total inhibitor concentration (I t ) which cover most of the inhibitory mechanisms applicable to the myosin system or to other CM-dependent enzymes. The three binding constants were subsequently evaluated from experimental data for filamentous myosin and for its isolated regulatory light chain (ReLC) using a non-linear regression software. They indicated differences in the interaction of myosin filament with the active CM^MLCKase complex in comparison to that of the isolated ReLC. The derived v i /v o versus I t relationships, together with the software, make it possible to evaluate the inhibition constants and binding stoichiometries of CM-antagonists and other compounds inhibiting myosin phosphorylation. This approach was successfully applied to experimental data on inhibition of MLCKase by amiloride, cadmium, or CM-binding peptide (M-12) for simple mechanisms. For more complex mechanisms, inhibition by calmidozolium, trifluoperazine or melittin, the analysis showed that only calmidozolium acted specifically at the CM level in a multiple-site activator-depletion mechanism. Melittin and trifluoperazine inhibited the phosphorylation rate by a novel substrate-andactivator depletion mechanism, in which additional inhibition of the substrate resulted in the removal of the inhibition at lower range of the antagonists' concentration. ß 1999 Elsevier Science B.V. All rights reserved. 
Introduction
Myosin light chain kinase (MLCKase) is the key regulatory enzyme of smooth muscle which activates myosin by phosphorylation of the myosin 20-kDa regulatory light chain (ReLC) and initiates contraction (for reviews see [1^5] ). Activity of the MLCKase fully depends on the presence of calmodulin (CM) and Ca 2 . This contrasts with most of the other CM-dependent enzymes which possess high and variable levels of CM-independent activity and, depending on conditions, CM modi¢es this level to a di¡er-ent degree (see review by [6] ). This absolute CMdependence makes MLCKase a very suitable enzyme for studying the action of various drugs and CMantagonists. Another advantage of the MLCKase phosphorylation system is the availability of at least three substrates that include intact myosin, its isolated regulatory light chain (ReLC) and a commercially available very small synthetic peptide (Kemptide) of the sequence corresponding to that of the ReLC phosphorylation site (see [7] ). Of these, the intact myosin is particularly convenient because it is normally puri¢ed with stoichiometric amounts of endogenous MLCKase and CM [8] . The other two substrates require addition of puri¢ed MLCKase and CM, but are also convenient as substrates alone because of their resistance to denaturation.
Despite these advantages, the MLCKase phosphorylation system has not widely been used as a CM-testing system. The main reason is the complexity of the interaction between MLCKase and CM during active complex formation due to the presence of four Ca 2 binding sites on CM. Thus, the system is, in principle, characterized by nine binding constants [9] . In the present report, I have characterized the system from an enzyme kinetic point of view. At the same time, I have derived some fractional inhibition rate relationships which should make the system more attractive for computer assisted analysis of the action of CM-inhibitors.
Materials and methods

Protein preparations
Turkey gizzard myosin, MLCKase and CM were used throughout. The myosin was puri¢ed from freshly extracted actomyosin as described previously [10] . A myo¢bril-like preparation [11] pre-extracted for MLCKase was used as a as starting material (see [12] ). This native-like ¢lamentous myosin contained relatively high and approximately equimolar amounts of endogenous MLCKase and CM [8] ; therefore, it was used without addition of puri¢ed MLCKase and CM. The established molar ratio of MLCKase to myosin was about 1:150. The myosin also contained low levels of an endogenous myosin light chain phosphatase. Its presence was only apparent after 5^15 min incubation when ATP became depleted by myosin ATPase. As result of its very low content, this phosphatase did not e¡ect our initial rate measurements. This was con¢rmed by control experiments carried out in the presence and absence of 100 nM of Microcystin L-R. In addition, its substrate (phosphorylated myosin) was absent at the o¡set of the measurements and the assay time was relatively short (see below).
For the rate measurements with ReLC, or with CM-and MLCKase-free myosin puri¢ed MLCKase and CM were added to these substrates. The kinase was initially extracted from the same myo¢brils (see above) and was puri¢ed by the method of Sobieszek and Barylko [13] as modi¢ed by Sobieszek [14] . The myosin was freed of the endogenous CM and MLCKase by a passage through a CM-a¤nity and phenyl Sepharose 6B-CL columns connected in tandem [15] . The ReLC was isolated from myosin by the method described by Perrie and Perry [16] and puri¢ed on DEAE Sepharose 6B-CL to remove the endogenous CM and separate it from the essential light chain [17] . Crude CM was obtained as a by-product of MLCKase puri¢cation and was puri¢ed as described in [18] . Commercially synthesized CM binding peptide was generously provided by Dr. A.R. Means of Duke University, Durham, NC, USA.
Phosphorylation assays
The experimental details for the measurements of initial phosphorylation rates and composition of the bu¡er media used were described previously [14, 15] . In short, the assay bu¡er contained (in mM): KCl, 60; MgCl 2 , 2; DTE, 1; CaCl 2 , 0.1; imidazole, 10; with pH adjusted to 7.0 at 25³C. The substrate^CM^ MLCKase mixes, were added to increasing amounts of CM and small volumes of Ca/EGTA bu¡ers containing increasing concentrations of EGTA/CaCl 2 and decreasing concentrations of EGTA. The free Ca 2 was calculated by using an apparent binding constant (K app ) of EGTA for Ca 2 of K app = 1.47W10
37 . The 125 Wl assays were initiated by the addition of Q-32 PWATP to a ¢nal concentration of 0.6 and 0.3 mM, respectively, for the myosin and the ReLC. They were terminated by addition of 50 Wl of a saturated guanidine hydrochloride solution with an incubation time of 40^60 s for myosin and of 1^2 min for the ReLC. After spotting 170 Wl on 2U4 cm Wathman (Maidstone, UK) 3MM chromatographic paper, the paper pieces were washed extensively in TCA and ethanol and counted, in water, in a scintillation counter.
The e¡ects of CM-antagonists or other inhibitors were measured in a similar way using either the native-like myosin or the systems reconstituted from MLCKase-, and CM-free substrates (myosin or its isolated ReLC) with added CM and MLCKase. In all cases, increasing amounts of an antagonist, or an inhibitor, were added to these substrate^CMM LCKase mixes and the rates were measured during 20 or 30 s incubation. The concentrations of myosin and ReLC were 30^50 and 150^250 WM, respectively.
Computer analysis
Experimental data on the inhibition of the phosphorylation rate were analyzed by non-linear regression computer software developed for the present studies in the early 80 s. There are now more convenient commercially available software packages of this type e.g.`Scientist' from MicroMath, Salt Lake City, UT. Our software consisted of a program for the`minimalization' of a function with up to 20 parameters (independent variables), a function-plotting capacity, and a data manipulation block. The Davidson^Fletcher^Powell algorithm (see [19] ) was used in the minimalization program of the M 2 -function between experimental and theoretical values of a model. The minimalization permitted the use of approximate starting values of the parameters, but the maximum number of parameters should be no greater than the degrees of freedom in a given mathematical model.
Results
Kinetic considerations
The reaction catalyzed by MLCKase involves two substrates (ATP and myosin) and two products (phosphorylated myosin and ADP) but at relatively high concentration of one of the substrates (usually ATP) it can be considered as a single substrate reaction. The activity of the kinase fully depends on the presence of calmodulin (CM); therefore, under steady-state conditions, the reaction can be characterized as follows:
where E and A represent, respectively, concentrations of the kinase and its activator (CM) while S and P correspond to concentrations of unphosphorylated and phosphorylated myosin. 
This relatively simple formula has one disadvantage because it requires knowledge of the free CM concentration which is very di¤cult to measure experimentally. The free Ca 2 concentration is usually known when Ca/EGTA bu¡er system is used. The problem was resolved by introducing the K a dissociation constant together with CM mass balance (see [18] ). After resolving the corresponding square root equation
where
The K a dissociation constant is equal to the K CM constant if there is no cooperativity in activation of the MLCKase. In the case of positive cooperativity, K a s K CM ; if K a 6 K CM , a negative cooperativity in activation of the kinase by the Ca 2 /CM complex is indicated.
Characterization of the myosin phosphorylating system
The mathematical model derived above was ap- Table 1 . The concentrations of myosin and ReLC were 30 and 500 WM, respectively. The solid curves in this and the following ¢gures correspond to the best ¢t obtained after application of the non-linear regression analysis together with a mathematical model in this ¢gure Eq. 3 together with Eq. 4. plied to experimental data using a non-linear regression approach. The model includes two independent variables, namely total CM and free Ca 2 concentrations. The experimental data involved, therefore, measurements of the activity (i.e. initial phosphorylation rates) as a function of total CM and free Ca 2 concentrations. The model imposes no restriction on the enzyme concentration, but the substrates, in our case CM-, and MLCKase-free ¢lamentous myosin or the isolated ReLC, were at saturating levels. After optimalization of a family of the CM-activation curves, evaluation of not only the K a and K CM constants, but also the K Ca binding constants as well as the maximal speci¢c activity (V m ) was possible. It is apparent from Fig. 1 that the model approximated the data for both the substrates rather well and provided accurate values of the constants. The average values obtained from several such families of curves with corresponding standard deviations are given in Table 1 . Signi¢cantly, the values indicate that activation of MLCKase by CM was positively cooperative when ¢lamentous myosin was used as the substrate (i.e. K a 6 K CM ), but with isolated ReLC, we observed increase in value of the dissociation constant (i.e. K a s K CM ). Thus, CM-activation with the ReLC was negatively cooperative exclusively at this isolated association step. Positive cooperativity of MLCKase activation by Ca 2 was not apparent in this analysis because the value of the K Ca constant corresponds to an arithmetical average of the four intrinsic binding constants representing the four Ca 2 binding sites of CM. It can be readily shown that this well known binding is always positively cooperative (for references see [21] .
More complete kinetic characterization of the MLCKase system requires the estimation of an additional elementary kinetic constant, the K s constant which characterizes the binding a¤nity of the active CM^MLCKase complex for the substrate. The K s constant for the myosin ¢laments was experimentally determined from the classical rate versus concentration relationship (Fig. 2) . Values for K s are given in Table 1 . As before, the CM-, and MLCKase-free ¢lamentous myosin used in this determination and known catalytic amounts of puri¢ed kinase and CM were added. In an analogous way, I obtained the K s constant which characterize heavy meromyosin (HMM) fragment of myosin as a MLCKase substrate (Table 1) , but this related to the isolated ReLC had been established previously [14] .
Evaluation of the K s constant for myosin (shown in Fig. 2 ) represents another simple illustration of the non-linear regression procedure which, in this case, Table 1 Kinetic constants characterizing phosphorylation of a smooth muscle myosin or its isolated regulatory light chain
a Taken from [14] . Fig. 2 . Determination of the K s kinetic constants for the ¢la-mentous myosin system. Initial phosphorylation rates of suspensions of myosin ¢laments were determined in the presence of 5 nM puri¢ed MLCKase and 10 nM CM. The 7.3 WM value obtained (Table 1) was used in the computer evaluation of the inhibition constants (Table 3) . Table 2 Fractional inhibition rate relationships for most of the inhibition mechanisms applicable to CM-dependent enzyme systems Type of inhibition Formula: (v i /v o = ) Approximations 
Fractional inhibition rate relationships
Analysis of inhibition of the myosin phosphorylating system or CM-dependent enzymes can be facilitated by use of a non-linear regression software provided that relationships between the fractional inhibition rate (v i /v o ) and the total inhibitor concentration (I t ) are known. For the simple systems, under steady-state conditions, these relationships depend on the K s constant, on the relevant inhibition constant(s) as well as on the substrate concentration. The formulae that describe competitive, non-competitive, uncompetitive and mixed type of inhibitions were taken from Segel [20] and, for convenience, are given in Table 2 . They were derived with the assumption that catalytic concentrations of enzyme were present. Therefore, the bound inhibitor could be neglected and total and free inhibitor concentrations are approximately equal (I t WI). This condition, however, is often not ful¢lled, especially when the inhibitor is bound by an enzyme with relatively high a¤nity, but not so high as to justify the commonly used approach of`tightly bound inhibitors' (see [20, 22] ). In the latter case, the concentrations of an inhibitor and an enzyme are comparable, and therefore, all the possible enzyme^substrate^inhibitor species must be included in mass balance equations. The rate relationship that applies to this case was derived and is given in the Table 2 .
For a CM-dependent enzyme system, including the myosin phosphorylation system considered here, an inhibitor most often acts to inhibit CM and prevents its binding to the enzyme. This corresponds to the classical activator depletion mechanism. Correspondingly, one has to add an additional equilibrium constant to Eq. 1: Fig. 3 . Kinetic characteristics of the substrate-and-activator depletion mechanisms. Concentration of substrate was taken as 60 and that of activator as 0.4 to be approximately the same as used in most of the experiments with myosin. The diagonal middle curve illustrates the inhibition by this mechanism as calculated by the derived Eq. 6 with the constants given on the curve. Note that inhibition by a simple activator depletion mechanism, with the same constants, was much stronger (activ. depl., lowest curve). The other two curves correspond to a simple substrate depletion mechanism of weak (K si = 2) and strong (K si = 0.001) inhibition. was obtained in an analogous way as for Eq. 4. The CM^inhibitor complex can also act as a true inhibitor and this corresponds to the following equilibrium:
and is an example of simple competitive inhibition. In contrast, derivation of the fractional inhibition rate relationship for a combination of this mechanism with activator depletion mechanism was only possible after neglecting the inhibitor bound to the enzyme, e.g. A t WA+A i and I t WI+A i . This relationship is given in Table 2 . These two mechanisms inhibiting the activator are not the only mechanisms applicable to our system. Moreover, as is clear from the available data (see below), the MLCKase system can also be inhibited at both the activator and the substrate levels. The corresponding mechanism (activator-and-substrate depletion) has the following equilibria:
From A I = A t WI/(K ai +I) and S I = S t WI/(K si +I) a cubic equation for the free inhibitor was obtained (I 3 +aWI 2 +bWI+c = 0) where the coe¤cients are:
From the three real solutions of this equation the one satisfying initial conditions is given by the following formula:
where Th arcosRa Q p while Q and R are de¢ned as in a standard cubic equation (e.g. Q = (a 2 33b)/9 and R = (2a 3 39aWb+ 27c)/54) and 355/113 is Z.
With the known free inhibitor concentration, the free activator (A) and free substrate (S) are obtained from the two expressions used above:
A A t WK ai aI K ai and S S t WK si aI K si X Finally, the following formula was obtained for the relative inhibitory rate:
As illustrated in Fig. 3 , the important feature of this mechanism is that, under common experimental 
. Substrate depletion type inhibitions of MLCKase by tri£uoperazine (A) and cadmium chloride (B). (A) TFP inhibition of CMindependent phosphorylation of heavy meromyosin (HMM). The HMM (42 WM) contained endogenous Ca
2 /CM-independent kinase and was phosphorylated in the presence of 2 mM EGTA. The shape of the inhibition curve indicates a simple substrate depletion type mechanism with K is of 3 WM. (B) Cadmium inhibition of ReLC phosphorylation by depletion of ATP. CaCl 2 (0.1 mM) was present together with increasing concentrations of CdCl 2 . ATP (150 WM) was added to initiate phosphorylation. MLCKase and CM concentrations were 25 and 50 nM, respectively. conditions, the additional inhibition at the substrate level actually removes the inhibition at the lower range of inhibitor concentration. This is a consequence of the relatively high concentration of the substrate which acts to deplete the inhibitor before its levels become su¤cient to inhibit the activator. Fig. 4 demonstrates the application of non-linear regression software, together with the fractional inhibition rate formula, in evaluation of the inhibition constants. As an initial example, I used the inhibition of MLCKase (Fig. 4A) by the CM-binding peptide which has the same sequence as the CM-domain of the kinase. Despite the high concentration of the peptide required for inhibition, the 1.2 nM value of the derived inhibition constant was in a good agreement with the observed a¤nity of the kinase for CM. The second example involved inhibition by a commonly used drug, amiloride, and was selected because of its simple mechanism of inhibition (Fig.  4B) . From the hyperbolic shape of the inhibition curves, it is apparent that this drug acted at the enzyme level and not at the level of CM. This was independently con¢rmed by inhibition of the CM/ Ca-independent phosphorylation of smooth muscle HMM (Fig. 4B) . The ¢tting procedure applied to a single inhibition curve provided a good estimate of the amiloride inhibition constant (K i = 0.8 WM) and indicates that the competitive inhibition rate formula can be used.
Evaluation of inhibition constants
The procedure can also be used to estimate of the dissociation constant which characterize the binding of a substrate to the enzyme (K s ), provided that the K i value is known. Relatively accurate data obtained at several concentrations of substrate can provide values for both the K i and K s constants. In the latter case, a function of the two independent variables (I t and S) have to be used the way it was done for a family of CM activation curves (e.g. Fig. 1 ).
Fig. 6. Inhibition of myosin (solid diamonds) and the isolated ReLC (open diamonds) phosphorylation by melittin (A) and removal of this inhibition by addition of thiophosphorylated ReLC (B)
. The myosin contained endogenous MLCKase and CM (see [8] ) and its concentration was 25 and 40 WM, respectively in A and B. For the ReLC substrate system, 250 WM of ReLC was used and 50 nM of puri¢ed kinase and 75 nM of CM were added. Note that concentration of melittin at which the inhibition was taking place correlated with neither the substrate nor with the activator concentrations and that the substrate and activator depletion model (Eq. 6) ¢t the data well.
Substrate depletion mechanism
An inhibitor may interact with a substrate and in this way reduce the reaction rate. This can be a simple substrate depletion characterized by a bell-shaped inhibition curve when the inhibitor and the substrate concentrations are in the same range and the corresponding binding and inhibition constants are approximately the same. The fractional rate relationship corresponding to this case is given in Table 2 . The mechanism was implied in inhibition of MLCKase by tri£uoperazine [23] and this was independently con¢rmed in my previous report [15] . A clear-cut example of this type of mechanism is inhibition, by tri£uoperazine (TFP) of the CM-independent form of MLCKase at its catalytic concentration. This form of the kinase copur¢es with the soluble myosin head subfragment (Sobieszek, unpublished observations). The bell-shaped inhibition curves (Fig. 5A) and the values of the inhibition constants (Table 3) were consistent with the suggested substrate depletion mechanism.
Another illustration of a possible substrate depletion mechanism is shown in Fig. 5B . The ¢gure shows inhibition of the ReLC phosphorylation by cadmium. Because of its relatively high a¤nity for ATP, the cadmium ion replaces Mg from ATP and the (Cd)ATP complex does not serve as the substrate in the phosphorylation thus depleting ATP, the second substrate of the system. This interpretation was con¢rmed by the suggested approach. The cadmiumÂ TP binding constant (K is = 7 WM) compares realistically with that obtained from direct binding experiments [24] . The binding or depletion of the other substrate (ReLC) was considered very unlikely because of its low a¤nity for divalent cations.
A more complicated rate formula is obtained when, in addition to substrate depletion, the SI complex acts as an inhibitor of the enzyme. In this case, there is an additional equilibrium: E S +II[E SI ] or its equivalent E+S I I[E SI ]. The derived fractional inhibition rate formula is given in Table 2 . The simpler case of exclusive SI inhibition was also considered as Table 3 . The myosin curves are marked by solid diamonds and these ReLC by open diamonds. The concentrations were 32.5 and 24 WM in (A) and, 100 and 150 WM in (B), for myosin and ReLC, respectively. Note that for TFP inhibition (A) substrate-and-activator model (Eq. 6) ¢t the data well, but this model was unsatisfactory for inhibition by CAL (B, broken curve). A multiple site activator depletion mechanism (see Table 2 ) gave a better ¢t of the data. well as other possible mechanisms which may be applicable for the CM-dependent enzymes systems (see Table 2 ).
Inhibition of the native-like myosin phosphorylating system
With the K a and K s values established, it was possible to evaluate the K ia and K is inhibition constants which characterize the binding of an antagonist by CM and by the substrate. Such a determination for melittin (one of the strongest CM-antagonists known) is shown in Fig. 6A . It is clear that melittin (MEL) inhibited myosin phosphorylation with much lower potency than would be expected from its 0.1 nM binding constant for CM [25] . Inhibition required melittin concentrations of at least 0.5^4 WM, which is much more than the concentration of endogenous CM estimated previously to be about 100 nM [8] and considerably less than the concentration of myosin (25^50 WM). Because the inhibition also depended on the substrate concentration, it was apparent that the substrate and activator depletion mechanism was applicable here. Application of the derived rate relationship formula described the inhibition data rather well not only for the native-like myosin system, but also with the ReLC as the substrate (Fig. 6A) . The values of the inhibition constants obtained for this antagonist are given in Table  3 .
An independent con¢rmation of the antagonist binding by the substrate (here ReLC) was shown in an experiment in which thiophosphorylated ReLC was added to the myosin system (Fig. 6B) . This additional free light chain could compete with myosin for melittin without increasing the concentration of the available phophorylation sites. As shown in Fig. 6B , this addition led to the removal of inhibition as a result of the binding of antagonist to the ReLC. This light chain (as well as the normally phosphorylated one) was shown to act as a weak product inhibitor (Sobieszek, unpublished observation; see also [14] ); therefore it did not bind to the kinase. Consistent with this interpretation, the inhibition of the ReLC system under comparable conditions was weaker (Fig. 6A) .
On the basis of similar competition experiments with the unphosphorylated ReLC, it was concluded previously that tri£uoperazine (TFP) inhibited myosin phosphorylation by a similar substrate and activator depletion mechanism [15] . The present approach con¢rmed this conclusion (Fig. 7A) and provided not only the values of the two corresponding inhibition constants, but also the binding stoichiometry (Table 3) .
A similar analysis was carried out for the inhibition by calmidazolium (CAL). In this case, the substrate and activator depletion rate formula did not ¢t to the CAL inhibition curves well (Fig. 7B ). They were better approximated by a multiple-site activator depletion mechanism. The corresponding inhibition constant and binding stoichiometry are given in Table 3. The mechanism of CAL inhibition suggested previously [15] was also of this type although the multiple-site inhibition could not explicitly be concluded from this study.
The validity of this approach was apparent from the inhibition data obtained with myosin reconstituted system in comparison to the native-like myosin system (Fig. 8) . In this case, puri¢ed MLCKase and CM were added to MLCKase-, and CM-free ¢la-mentous myosin, and the inhibition data were data collected in parallel experiments. The concentrations of the kinase and CM were chosen to ensure linear 32 P-incorporation and were not to be the same as in the native-like myosin. As shown in Fig. 8 , the TFP and CAL inhibition curves were similar for both myosins. Signi¢cantly, the inhibition constants obtained from these parallel experiments were also the same within the experimental error despite the di¡erences in the concentration of the substrates, MLCKase and CM. This con¢rms the validity of the approach and indicates that the corresponding fractional rate relationships and the deduced inhibitory mechanisms are correct.
Discussion
Smooth muscle MLCKase is, in addition to CaM kinase II, one of the most intensively studied CMdependent enzymes. The main approach used to elucidate their regulatory mechanisms is genetic engineering (site-directed mutagenesis) together with simple activity measurements in the presence or absence of Ca 2 /CM (for references see [26] ). This approach is, perhaps, justi¢ed with CaM kinase II because its activity is modulated by CM and depends, in a complex way, on many additional factors (see review [27] ). In the case of MLCKase, however, such a simple approach is not justi¢ed because its activity depends only on concentrations of CM and Ca 2 . Initial attempts to derive corresponding mathematical model were not particularly encouraging. The general relationship derived by Huang and King [9] failed, in our hands (see [18] ), to describe related experimental data, although it included as many as nine binding constants. A simpler two-constant formula used by Blumenthal and Stull [28] for skeletal muscle MLCKase data is satisfactory except that it is only valid in the presence of excess of CM. These conditions are, however, less informative than when the concentrations of the kinase and CM are comparable.
The model derived in the present study describes MLCKase phosphorylation rate in terms of free Ca 2 , total MLCKase and total CM concentrations and includes only the three related binding constants. It was applied to phosphorylation rate data obtained with the two substrates; namely, puri¢ed ¢lamentous myosin and its isolated ReLC. With the use of a personal computer and our non-linear regression software, it is apparent that the model ¢ts the data rather well. The values of the binding and kinetic constants obtained characterized well the interaction between Ca 2 , CM and MLCKase. They also agreed well with the corresponding values expected from the published data (see [5] ). In addition, the characterization made it possible to con¢rm di¡erences in activation of the kinase by a Ca 2 /CM complex in the presence of two substrates (intact myosin or its isolated ReLC). From this, it was apparent that intact myosin is a better substrate for MLCKase than its isolated ReLC because it increased positive cooperativity during activation of the complex. The mechanism of this increase was not investigated here, but it could arise from the oligomeric properties of the kinase shown in our recent studies (see [29] ) because only the oligomeric forms of MLCKase appears to be associated with myosin ¢laments [30] .
The present study was undertaken not only to understand the interaction between MLCKase and CM better, but also to make it possible to use the smooth muscle myosin phosphorylating system to study the action of CM-antagonists. As demonstrated here, the native-like ¢lamentous myosin preparation which contains stoichiometric amounts of MLCKase and CM [8] is particularly convenient for most of the inhibition experiments. During our computer modeling, it was apparent that, under common experimental conditions, inhibition of the phosphorylates rates depended more strongly on the concentrations of the substrates than on the concentration of the CM^MLCKase complex. Thus, concentrations of the substrates have to be given rather accurately, but not necessarily those of the endogenous MLCKase and CM. The approximate 1:150 molar ratio of MLCKase to myosin established for the present study can be used as a good estimate in the computer analysis. If necessary, the exact CM^MLCKase content can be evaluated as has been described previously (see [12] ). Values of the other elementary kinetic constants needed for such an analysis have been estimated and are given in Table 1 . Under the conditions used, the activity of the system will not depend on other factors such as Ca 2 because this was added in excess and will saturate all the CM present. In view of the exceptionally high a¤nity of the Ca 2 -saturated CM complex for MLCKase the concentrations of free CM and free kinase can be neglected.
The steady-state relationships between fractional inhibitory rate and total inhibitor concentration have been derived for the above experimental conditions. They cover most of the kinetic inhibitory mechanisms which are applicable both to the MLCKase system and to other CM-dependent enzymes. Some of these inhibitory models were then tested on experimental data obtained from this native-like myosin preparation and by application of a non-linear regression software. From the analysis of several inhibitors, it was apparent that the relationships, together with non-linear regression software, can be used to elucidate at least some inhibitory mechanisms. This approach can, therefore, be recommended for analysis of inhibitory mechanisms and for evaluation of related constants of MLCKase and other CM-dependent enzymes. The general signi¢cance of non-linear regression analysis in enzyme kinetics was appropriately emphasized in a recent book review ( [31] ; see also [32] ).
In contrast to the recommended approach, inhibition of enzyme systems is most often characterized by measurements of fractional inhibition rate as a function of total inhibitor concentration (see review by [33] ). The usefulness of the I 50 values obtained from these types of measurements is, however, rather limited because they do not indicate the kinetic mechanism of the inhibition. Such values are only valid for correlating potencies among inhibitors studied under identical conditions. The approach suggested here can be used together with any modern personal computers which are now widely available.
